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Abstract: An extensive analysis of individual high multiplicity events produced in 158
A GeV/c 208Pb-208Pb collisions is carried by adopting different methods to examine the
anomalous behavior of these rare events. A method of selecting the events with densely
populated narrow regions or spikes out of a given sample of collision events is discussed.
Employing this approach two events with large spikes in their η- and φ- distributions are
selected for further analysis. For the sake of comparison, another two events which do not
exhibit such spikes are simultaneously analyzed. The findings suggest that the system-
atic studies of particle density fluctuations in one- and two-dimensional phase-spaces and
comparison with those obtained from the studies of correlation free Monte Carlo events,
would be useful for identifying the events with large dynamical fluctuations. Formation
of clusters or jet like phenomena in multihadronic final states in individual events is also
discussed and the experimental findings are compared with the independent particle emis-
sion hypothesis by carrying out Monte Carlo simulations.
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1 Introduction
The occurence of a phase transition between hadronic state and the quark-
gluon plasma (QGP), have been a subject of immense importance in heavy-
ion collision experiments. A key problem in this serach is the identification
of signatures of QGP formation via the study of experimental obsrevables.
The study of fluctuations and correlations have been suggested as a useful
means for revealing the mechanism of particle production along with some ex-
otic phenomenon such as the possibility of formation of Quark-gluon plasma
(QGP) in heavy-ion collisions at high energies[1, 2, 3]. In heavy-ion collisions,
as the system undergoes phase transition from hadronic matter to QGP, the
degrees of freedom in two phases is quite different. Due to this large differ-
ence, correlations and fluctuations of the thermodynamic quantities and/or
the produced particle distributions in phase-space may change, apparently
lacking any definite pattern. It is therefore necessary to analyse these col-
lision processes on an event-by-event (ebe) basis. Therefore, an analysis of
high multiplicity events on ebe basis can be quite useful and can hint towards
the exotic phenomenon along with the underlying physics process involved
during the nucleus-nucleus (AA) collisions. In this search, any physical quan-
tity measured in experiments is subjected to fluctuations. These fluctuations
are believed to depend on the property of the system under study and thus
expected to provide useful informations about the system formed during the
collision[4, 5, 6, 7]. A non-monotonic evaluation of fluctuations observed in
these collisions is suggested to serve as a signature for the phase transition
at critical point. This, in turn, has generated considerable interest in the in-
vestigations involving fluctuations in AA collisions at SPS, RHIC and LHC
energies. Several hadronic observables, produced in central 208Pb-208Pb col-
lisions have been observed[8] to exhibit qualitative changes in their energy
dependence in the SPS energy range. A comparison of these observations
with the predictions of statistical and (or) hadronic transport models, indi-
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cates that the experimental results are consistent with the expected signals
of the onset of a phase transition in AA collisions at SPS energies[8, 9]. Find-
ings from the Au-Au data at RHIC energies[10, 11] indicate that a highly
collective and nearly thermalized system is formed in these collisions. Recent
measurements on the net-charge fluctuations at LHC energies too indicate
their origin in the QGP phase and need dynamical model calculations to
better understand the results[12]. Furthermore, fluctuation observables are
intrinsically related to particle correlations and will also be quite useful in
providing some insights on the mechanism of particle production in heavy ion
colisions[13, 14] which is still an unresolved issue due to the inapplicability
of perturbative QCD in soft regime[1, 2]. Furthermore, the analysis of single
event with large statistics can reveal very different physics than studying
averages over a large statistical sample of events which becomes diluted or
completely lost. In order to extract new physics associated with the fluc-
tuations, it is quite necessary to understand the role of expected statistical
fluctuations arising due to finiteness of the number of events. Information
about the existence and nature of phase transition may be obtained by in-
vestigating ebe fluctuations of suitable observables, like, transverse energy
(Et), transverse momentum (pt), k/pi ratio, electric charge, etc. Several at-
tempts have been made[11, 15, 16, 17] to investigate ebe fluctuations using
SPS and RHIC data in terms of these variables and the conclusions drawn
are quite interesting. The main aim of all these investigations is to search
for the rare events (such as due to QGP) exhibiting unusual behavior from a
data sample with large statistics[20, 19, 18, 21, 22, 23]. Analysis of individual
events produced in the collisions of heavy ions, like, 179Au or 208Pb at SPS
and higher energies have been argued[20, 19, 18, 21, 22, 23] to be statistically
reliable as the multiplicities of such events are high enough and the statisti-
cal fluctuations may be treated as under control. Furthermore, by studying
the events with strong fluctuations, one can extract relevant informations
on the dynamical components[N17] present in comparison to the statistical
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component and can provide more insights into the underlying dynamics of
high multiplicity events [25]. Analysis of one ’hadron rich’ event[26] in the
context of Centauro event, single event pt distribution[27], single event k/pi
ratio[28], intermittency in individual events[4, 28], etc., are such studies un-
dertaken so far.
An attempt is, therefore made to analyze a few high multiplicity individ-
ual events produced in 158 A GeV/c 208Pb-208Pb interactions. These events
are selected from EMU01 data collected using the conventional emulsion tech-
nique. The exposure was controlled by measuring heavily ionizing particles
with a scintillator and discriminator with high threshold setting. The emul-
sions were exposed perpendicular to the 208Pb beam with momentum 158 A
GeV/c in chambers of 20 emulsion plates. Each emulsion plate consisted of
a thick acrylic base coated with a Fuji ET-7B emulsion layer on each side.
The counter was placed behind the chamber which were in the beam during
one 5 second pill. The spot size was about 6 cm2 corresponding a beam den-
sity of the beam about 5×102 nuclei/cm2. Based on the parameterization of
nucleus-nucleus inelastic cross-section , σPbPb is found to be 7.01 b[29]. To
select a sample of relatively central interactions, the emulsion plates directly
below each target were visually scanned for high-multiplicity events. After
the initial scanning selections were made, each event was examined in all the
plates upstream of the interaction and rejected if the primary was notice-
ably less ionizing or if the primary had gone an additional interaction. The
plates adjacent to the target allowed rejection of interactions occurring in
emulsion rather than in the lead target. The event was also examined down-
stream and rejected if the remnants of the projectile were present. Events
with charge multiplicities above 1000 were scanned efficiently, but those with
lower multiplicities were sampled incompletely. The emulsion experiment has
an advantage over other detectors due to its 4pi solid angle coverage and the
data being free from biases as the limited acceptance leads not only to the
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reduction of the charged particle multiplicity but may also distort to some
of the event characteristics, such as the particle density fluctuations [19]. A
comparative analysis is performed by generating HIJING [30] event samples
with equal number of events as the experimental ones and with multiplicity
distributions identical to the experimental ones. These events are simu-
lated using the code HIJING -1.35; other relevant details follow in the next
sections. Furthermore, to test whether the fluctuations in some global ob-
servables characterizing an event are arising due to non-statistical reasons,
distributions of various observables such as pseudo-rapidity distributions,
azimuthal-angle distributions etc. are compared with the corresponding ref-
erence distributions, obtained by the event-mixing technique[11, 19]. In order
to minimize the contributions from the target and projectile spectators[31]
in the forward angle cone of η ≥ 6.5, the charged particles having their η
values lying in the range η0 ± 3 have been considered for the analysis[32]; η0
being beam rapidity (within 2.6-3.0). The values of η0 are taken to be 3.5
and 3.2 respectively for the real and HIJING data sets. A little shift of the
peak will make no difference in the calculations/results.
2 Results and Discussion
2.1 Presence of high density phase regions
Even if the favorable conditions for the QGP formation are achieved, only
few events are expected to be produced through the QGP. Therefore, the ma-
jor task is to identify these rare events out of a large sample of the collision
events. An attempt is therefore made to find possible ways to characterize
each event, which in turn, may lead to triggering of different classes of events
and may identify the anomalous features. A search has also been carriedout
for the high density phase regions in individual events where a lot of entropy
is confined in a small domain. These high density regions are usually referred
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as the ’hot regions’ or the spikes[19] and are searched in one-dimensional dis-
tributions on the basis of a quantity dik [19], a measure of the local deviation
from the average particle density in units of statistical errors. For a partic-
ular distribution, values for the ith-bin of the kth-event are estimated using
the prescription mentioned in ref.[19].
dik distributions in the pseudo-rapidity (η) and azimuthal angle (φ) spaces
for 54 208Pb-208Pb events, each having Nk ≥ 1000, are compared with the
reference distributions i.e., 10 sets of mixed event samples as shown in Fig. 1.
It should be mentioned that although the event-wise multiplicities are high
enough ∼ (1000-1606), but the number of such events are only 54 and hence
one may question whether the spiky regions observed in some of the events
might be due to the statistical reasons. However, to ensure that the spiky-
ness in these events are due to the reasons other than the statistical ones,
ten sets of mixed event data, each set generated using a different sequence
of random numbers as done in ref.[15] is considered. Analysis of these sets
would, thus permit to put upper and lower limits of the statistical fluctua-
tions. Any significant deviation of the findings based on the real data from
the ranges set by these mixed event samples would thus lead to the presence
of dynamical contents. A marked difference in the dik-distributions for the
experimental and the corresponding mixed-events is clearly observed in the
form of large tails present in the regions of high dik values which indicates
that the real data do have a few events having spikes or hot regions in both
η and φ spaces defined as the regions with dik ≥ 2.5 in accordance with the
ref.[8]. In Table 1, the probability of occurrence of spikes, P (dik) and the av-
erage size of spikes, < dik > with dik ≥ 2.5 for various data sets are presented
for further analysis. In order to compare the findings based on the real data
with the predictions of Monte Carlo model HIJING a parallel analysis of data
samples generated using the code, HIJING -1.35 and the corresponding mixed
event samples has also been carried out. For this purpose; ten sets of HIJING
events, each consisting of 10000 events, are simulated with impact parameter
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between 0-6 fm. From each of these sets, a set of 54 events having the same
multiplicity distributions as the experimental one are sorted out. Further,
ten sets of mixed (10000) events are then simulated to get ten data sam-
ples, each consisting of 54 mixed events and having multiplicity distributions
identical to that for the experimental ones. dik-distributions for these HIJING
and the corresponding mixed events are further analyzed which suggest that
the distributions for all the sets acquire almost identical shapes, particularly
in the region of large dik with dik ≥ 2 and appear to be similar to those due
to the mixed event sets. The values of P (dik) and < dik > for various bin
widths in both η and φ spaces are presented in Table 2. Based on the dik
values, one can infer that although the occurrence of spikes is rare, but their
presence can not be overlooked in the experimental data. These spikes are
present in the real data but their presence is observed neither in the distri-
butions generated using random number nor in the distributions generated
by HIJING simulation. For the real data, the average size of spike, < dik >
with dik ≥ 2.5 is observed to be larger than those for the mixed events. This
difference in the dik values for the real and mixed events becomes more no-
ticeable as the bin size, ∆η or ∆φ becomes smaller. For the HIJING events,
dik values for the data and mixed events are found to be nearly the same.
2.2 η and φ -distributions of single event
By studying the dik-distributions it may, therefore, be possible to identify
the rare events having spikes. Using this criteria, two events which ex-
hibit distinct spikes in their η- and φ-distributions have been selected for
further analysis and henceforth referred to as Event-1 and Event-2 with mul-
tiplicities 1606 and 1421, respectively. To check whether these spiky events
exhibit some unusual characteristics, another two events with their η- and
φ-distributions nearly similar to those obtained for the entire sample are also
analyzed and are referred to as Event-3 and Event-4 with multiplicities 1213
and 1469, respectively. In order to ensure that the observed fluctuations are
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the event characteristics and are not due to the statistical reasons, a parallel
analysis of the events reproduced by the event-mixing technique is also un-
dertaken. For this purpose, from each of ten samples of mixed events, four
events corresponding to the real ones are picked up for the analysis. More-
over, to test the presence of ebe fluctuations in HIJING Monte Carlo Models,
four events from each of the ten samples of HIJING and HIJING -mixed events
are selected and analyzed with multiplicities being the same as those of the
experimental ones mentioned above so that comparative study may become
more realistic and reliable to draw any firm conclusion.
In Fig. 2, η- and φ-distributions of the four marked experimental events are
compared with the mixed event sets. It is interesting to note that both η- and
φ-distributions for Event-1 and Event-2 show rather more pronounced peaks
and valleys as compared to those arising in the case of mixed events. On the
other hand, For Events-3 and -4, no such regions are observed and the magni-
tude of fluctuations in the particle densities appear to be rather smaller than
those exhibited by the mixed event sets. These observations, thus indicate
the presence of some ’hot regions’ in the first two real events. Particle den-
sities in these hot regions are found to be higher than the expected average
value by a factor of ∼ 2. Such inhomogeneity in pseudo-rapidity may arise
either due to a very strong jet, i.e., large number of particles having their
azimuthal and polar angle values very close to each other or due to several
jets, each with rather smaller number of particles having similar values of po-
lar angles but differ in azimuthal angles[22]. Thus these observations further
support that the significant fluctuations observed in Event-1 and Event-2 are
mainly of the dynamical origin.
To further corroborate our observations, η- and φ-distributions for the five
sets of HIJING and the corresponding mixed events were analyzed. It was
noticeable that both the distributions acquire almost similar shapes and no
noticeable peaks/valleys were present in either η- or φ-distribution of any in-
dividual events. Almost identical trends have been observed in the remaining
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five sets of HIJING events (not shown). Thus, the significant deviation of the
distribution of the real data from the simulated data clearly hints towards
the presence of the fluctuations with dynamical origin.
2.3 Clusterization in individual events
Clusters are believed to be formed during the intermediate stage of an colli-
sion process, which finally decay into real physical particles. Their properties
have been explained by the concept of cluster emission. In this scenario, a
great success has been achieved in describing many features of particle pro-
duction in such collisions [33]. The present analysis search for the presence
of high density regions in two of the real events considered. Such regions of
high particle density are envisaged to arise, due to the decay of either a heavy
cluster or several clusters/jets of relatively smaller sizes[19, 22]. Therefore,
to ensure further, that the observed spikiness in two of the events might
have some dynamical origin, an attempt is made to examine the presence of
cluster or jet-like phenomena following the algorithm applied to pp data[34].
This algorithm is somewhat different to that adopted in ref. [35] in which
formation of clusters and their sizes were looked into by histogramming the
rapidity differences between the nth nearest neighbors. The present approach
helps search for high density regions in η − φ phase space which provides a
clean separation in the η − φ metric in the low multiplicity and low particle
density final states[19]. In order to test how the jet algorithm works for high
density data and to what degree of clustering in the two-dimensional phase
space one may expect, the analysis of the four real events is carried out. In
these real events, the two-particle correlation can be studied in terms of the
correlation length and extent in η − φ phase space by the measured cluster
multiplicity and/or the average number of particles in a cluster. Therefore,
the method adopted here is expected to help estimating the cluster mul-
tiplicities and cluster frequencies on ebe basis. Since these observables are
very sensitive to total event multiplicities, a comparison of the findings based
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on the real and simulated events with matching multiplicities is expected to
lead to some definite conclusions. A detailed description about the method
of analysis may be found in refs. [35]. Using this approach, number of clus-
ters (< m >) in each event with each cluster having at least m particles and
number of particles in each cluster are determined for a given value of r are
determined. It may be mentioned here that for a very small value of r only
a few or no clusters would be formed, whereas for a very large value of r,
almost all the particles would form one large cluster.
Results based on this algorithm for clusters with multiplicity, m ≥ 5 are
discussed here for the four experimental and the corresponding mixed events.
The variation of number of clusters, Ncl with r and the variation of mean
cluster multiplicity, < m > with r are shown in Fig. 3. A similar analysis
is carried out for the HIJING events and the corresponding mixed events
too (not shown here). Analysis presented here provides an opportunity for
a comparative study of the experimental data with such simulated events
where the dominant sources of cluster formation are known. Based on the
analysis, following observations are made:
Mixed events: Average cluster multiplicity (< m >), is observed to increase
monotonically with increasing r, from a minimal value of 5 to ∼ 15. The
trends observed for all the ten sets of each of the four events are nearly the
same irrespective of the event multiplicities which varies from ∼ 1200 to
1600. Variations of Ncl with r for all the events, too indicate almost one
(’quiet’) pattern having a broader maximum for the values of r between 0.2-
0.3; the values of maximum number of clusters are found to be ∼ (120-130)
and thereafter decreases gradually with increasing r. Such broader maxima
might be due to the randomness of these event structures[36].
Real events: It may be noted that the variation of Ncl with r for the two
non-spiky events on qualitative level are nearly the same to those due to
the mixed events except that the maximum values of Ncl are slightly larger
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than those due to the mixed events. Experimental curve of < m > with r
for ’Event-3’ is found to overlap with the curve for simulated mixed events.
For ’Event-4’, < m > acquires somewhat larger values as compared to those
due to the mixed events at r ∼ 0.6 and beyond. This deviation of the
experimental curve with those for mixed events might be due to the presence
of some clustering effects present in the real data.
Regarding the two spiky events, it is quite obvious that < m > grows with r
faster than the one expected from the mixed event trends. It is interesting to
see that this increase is much faster for ’Event-1’ and can not be overlooked.
The maximum value of the mean cluster multiplicity, in this case, is found
to be ∼ 30, much higher than those due to the two non-spiky events or the
mixed events. The variation of Ncl with r for the two spiky events are found
with their maxima shifted towards the lower values of r and the subsequent
decrease in the Ncl values with increasing r is much faster. This might be
attributed to the idea[36] that the majority of the produced particles in these
events goes into a single or a few clusters.
HIJING events: Dependence of < m > and Ncl on r is found to exhibit almost
identical trends for all ten sets of four events and is incidentally similar to
the corresponding mixed events. The maximum value of < m > is ∼ 15,
while the maximum number of clusters are ∼ (120-130) corresponding to r
∼ 0.3. Beyond this value, a slow decrease in the trend for the Ncl with r
is observed. It may, therefore be pointed out that in the HIJING events no
predominant clustering effects are present. Thus, these observations suggest
that the clustering procedure adopted may help selecting events of special
interest. Such procedures, if applied to the data with identified particles and
known momenta, may lead to draw even more interesting conclusions.
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3 Conclusions
High multiplicity events obtained from 158 A GeV/c 208Pb-208Pb collisions
are analysed in terms of fluctuations in particle densities in pseudo-rapidity
& azimuthal angle space, and the possibility of presence of mini-jets/jets
are looked for gaining insight to the origin of fluctuations observed in the
experimental data. A comparative study is performed using the correspond-
ing simulated events obtained from the generated mixed event and HIJING
event samples. All these information have been put together in order to make
any firm conclusion. Enhanced particle densities observed in narrow η and
φ bins in the dik distributions are compared with the reference distributions
due to the mixed events. The findings reveal the presence of few events in
the real data sample with high density or spiky regions in η and φ phase
space. Such regions in the HIJING events are also observed but with rather
smaller magnitude. Two spiky events out of real data sample suggest the
presence of spikes in their η and φ distributions where the particle densities
are larger by a factor of ∼ 2. The two HIJING events also exhibit similar
densely populated regions but on rather smaller scale. On qualitative level,
there is a noticeable difference between experimental and simulated events
which suggest the presence of dynamical fluctuations in the spiky-events. A
comparative analysis of the experimental results with those obtained from
the simulated mixed events further suggests that the observed fluctuations in
the particle densities of the two spiky events might have dynamical contents,
and are promisingly suitable for the analysis. A dominant cluster like phe-
nomena in two dimensional η-φ phase space is observed for two real events
(spiky events) having densely populated regions. This very dominance of
clusterization is observed to disappear in the case of mixed events. Find-
ings of the comparative analysis of real events with HIJING events indicate
that the clustering effects are significantly stronger in the case of real events
selected for the study. The experimental findings do not agree with the hy-
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pothesis of completely independent particle emission as the results indicate
towards the cluster like phenomenon present in the real events. The Bose-
Einstein correlation, contributes to the origin of cluster formation due to the
correlated emission of identical mesons so can not be ruled out as one of the
possible sources of large local fluctuations observed in the particle densities.
This effect is of quantum statistical origin and is not incorporated in the sim-
ulation framework of a transport model HIJING used here. The differences
observed in the experimental data with those of the simulation results can
also be interpreted in terms of certain nontrivial dynamics involved such as
collective flow. Therefore, further investigations are much needed and moti-
vates us for future analysis of the available experimental data. In conclusion,
a comparative study of the real data with the simulated events highlights
the underlying particle production mechanism and satisfactorily explains the
observed features of experimental data available at 158 A GeV/c. Analy-
ses involving particle densities or clusterization in one and two dimensional
phase space, although may not lead to some definite conclusions due to lim-
ited statistics yet it may be remarked that the methods adopted, may be
used as a tool to select special events signaling the formation of some exotic
states, eg. QGP and/or DCC and can contribute to the ongoing search.
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Expt. Mixed Evt.
(10 sets)
∆η min. max.
0.1 P(dik) 1.52 0.66 1.02
< dik > 3.24±0.50 2.61±0.30 2.92±0.36
0.2 P(dik) 2.57 1.05 1.58
< dik > 3.67±0.98 3.05±0.63 3.44±0.64
0.3 P(dik) 3.44 1.26 1.96
< dik > 3.98±1.18 3.35±0.07 3.77±0.48
∆φ
5O P(dik) 0.87 0.04 0.09
< dik > 3.09±0.53 2.56±0.14 2.97±0.31
10O P(dik) 1.47 0.16 0.57
< dik > 3.55±0.71 2.70±0.01 3.13±0.15
15O P(dik) 1.92 0.92 1.34
< dik > 3.73±0.98 2.61±0.04 2.85±0.25
Table 1: Probability %, P(dik) and mean values, < dik > of the spikes with
dik ≥ 2.5 for the experimental and the corresponding mixed event samples
(only minimum and maximum values from the ten sets of mixed events are
presented).
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HIJING HIJING. Mixed
(10 sets) (10 sets)
∆η min max min max
0.1 P(dik) 0.11 0.26 0.11 0.24
< dik > 2.61±0.13 2.83±0.26 2.67±0.07 2.93±0.22
0.2 P(dik) 0.11 0.63 0.12 0.32
< dik > 2.51±0.14 2.97±0.18 2.63±0.14 2.98±0.18
0.3 P(dik) 0.16 0.48 0.16 0.47
< dik > 2.59±0.17 3.03±0.15 2.62±0.18 2.74±0.16
∆φ
5O P(dik) 0.04 0.37 0.05 0.24
< dik > 2.63±0.20 2.93±0.19 2.57±0.14 2.96±0.19
10O P(dik) 0.09 0.46 0.09 0.35
< dik > 2.56±0.26 3.00±0.41 2.56±0.22 3.30±0.23
15O P(dik) 0.14 0.54 0.15 0.43
< dik > 2.52±.16 2.93±.26 2.57±0.18 3.07±0.13
Table 2: Minimum and Maximum values of P (dik)(%) and < dik > with
dik ≥ 2.5 out of ten sets of HIJING and the corresponding mixed event sets.
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Figure 1: (dik) distributions for the experimental events in pseudo-rapidity
bins, ∆η = 0.1 and azimuthal angle bins, ∆φ = 50 compared with the ten sets
of mixed event samples (left), HIJING (middle) and HIJING-mixed (right)
events.
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Figure 2: η and φ distributions of relativistic charged particles for the two
spiky (from the top) and two non-spiky experimental events (from the bottom)
with the mixed events.
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Figure 3: Dependence of average cluster multiplicity, < m > and number of
clusters, Ncl on the distance measure, r for the real and mixed events.
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